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High resolution X-ray diffraction
Two-step methodThis paper presents a detailed study of the influence of deposition conditions on structural and morphological
properties of AlN thin films synthesized on c-sapphire substrates by radio frequency (RF) reactive sputtering.
After the optimization of deposition parameters such as RF power and substrate temperature, the substrate
bias has been identified as a critical variable to improve the structural properties of the AlN layers. The use of neg-
ative bias leads to a decrease of the full-width at half-maximum (FWHM) of the rocking curve of the AlN­(0002)
x-ray reflection and an increase of the grain size. However, 2θ/ω x-ray scans of layers grown under negative bias
reveal lattice disorder at the AlN/sapphire interface, which is attributed to the highly accelerated positive ions
(Al+, N+, N2+) arriving to the substrate at the initial stages of the deposition process. In order to prevent this in-
terface degradation,we propose a two­step depositionmethodwhich consists of starting the growthwith an un-
biased AlN buffer layer, at least 30 nm thick, followed by AlN deposition under negative bias. This procedure
results in high-quality AlN layers with FWHM of the rocking curve of the (0002) reflection of 1.63°, grain size
of ~40 nm and root-mean-square surface roughness of 0.4 nm.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
AlN has become an attractive material due to its interesting combi-
nation of properties, like large direct band gap energy (6.2 eV), high
acoustic velocity, strong piezoelectricity and mechanical robustness
[1]. All these featuresmake AlN a suitable semiconductor for application
in optical components in the ultraviolet spectral region [2,3], surface
acoustic wave devices [4], micro-electro-mechanical systems [5] and
coating layers. AlN is also widely used as buffer layer for the growth of
GaN, in order to reduce the latticemismatch, stabilize themetal polarity
and prevent unwanted reactions between GaN and the substrate [refs.
6–8].
Themost common techniques used for AlN growth aremetalorganic
vapor phase epitaxy [9,10], hydride vapor phase epitaxy [11] and mo-
lecular beam epitaxy [12,13], all requiring expensive technology and
high substrate temperature. Radio frequency (RF) reactive magnetron
sputtering represents an attractive low-cost technique to synthesize
AlN films, allowing deposition in a wide range of temperatures and in
both rigid and flexible substrates [refs. 14–16].
In this work, we first present the optimization of the deposition pa-
rameters for the growth of c­AlN thin films on sapphire by RF reactive
sputtering in pure nitrogen atmosphere. Then, we describe the effect
of the substrate bias on the crystalline and morphological properties
of the optimized layers. The obtained results are discussed in terms of34 91 885 6591.
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ghts reserved.the energy of the impinging species reaching the substrate. Finally, we
introduce a two­step deposition method which consists of the deposi-
tion of a first AlN thin buffer layer under unbiased substrate conditions
(floating substrate, FS) followed by a negatively biased AlN layer.
2. Experimental
AlN samples were deposited on c-sapphire substrates in an RF
sputtering system equipped with a 2-inch confocal magnetron cathode
(AJA International, ATC ORION­3­HV). The growth proceeded in pure
nitrogen atmosphere using a 2-inch Al target (5 N purity) and high-
purity (6 N) N2 gas. The distance between target and substrate was
fixed to 10.5 cm, and the areas of the substrate holder and the substrate
were kept constant to 81 and 7 cm2, respectively. A thermocouple
placed in contactwith the substrate holder allowedmonitoring the sub-
strate temperature during the deposition process. Prior to growth, the
substrates were cleaned in organic solvents and outgassed in the depo-
sition chamber for 30 min at a substrate temperature 100 °C higher
than the growth temperature to ensure a base pressure for the growth
of ~10−5 Pa. The Al target was cleaned with Ar plasma before each de-
position in order to remove the contamination of target surface induced
during the substrate loading process.
The structure of the AlN layers was investigated by high­resolution
x­ray diffraction (HRXRD) with a Bruker AXS D8 Advance four-axis
diffractometer using Cu Kα1 incident radiation. The layer grain size
was estimated from the full-width at half-maximum (FWHM) of the






150 L. Monteagudo-Lerma et al. / Thin Solid Films 545 (2013) 149–153formula [17]. The surface roughness of the AlN layers was measured by
atomic force microscopy (AFM) in the tapping mode with a Veeco Di-
mension 3100 microscope. Data visualization and processing were
carried out using the WSxM software [18].
3. Results and discussion
3.1. Deposition of AlN layers under unbiased substrate conditions
The first step towards the optimization of AlN deposition consisted
in studying the effect of deposition parameters such as RF power (PRF)
and substrate temperature (Tsubs) on the layer properties. Taking into
account previous results [16], the sputtering pressure was fixed to
0.47 Pa.
A set of AlN layers was deposited at Tsubs = 400 °C with RF power
ranging from 100 W to 175 W. For all the samples of this set, the
HRXRD 2θ/ω­scans show the AlN­(0002) diffraction peak with the ab-
sence of reflections related to other crystal orientations. Fig. 1(a)
shows the dependence of the FWHM of the ω­scan around the (0002)
AlN x­ray reflection peak on PRF. A decrease of this FWHM from 4.26°
to 2.18° is observed when increasing PRF from 100 W to 150 W. This
amelioration is attributed to the increase of both the Al species energy
and the target sputtering rate, the latter resulting in an increase of the
growth rate from 40 ± 5 nm/h to 60 ± 5 nm/h within that PRF range.
This improvement of crystal quality and growth rate with the RF
power is in agreement with results presented by other authors [19].
The effect of sputtering gas rarefaction can be neglected considering
the low deposition pressure and atom flux in our experiment (0.47 Pa
and 7.8 × 1018 atoms/m2s, respectively) [20,21]. Furthermore, the in-
crease of the energy of the impinging species, and thus their mobility
on the growing surface, leads to a decrease of the root­mean­square
(RMS) roughness of the AlN layers from 1.8 nm to 0.3 nm [see
Fig. 1(a)]. Further increase of PRF up to 175 W leads to a degradation
of the crystalline quality and surface morphology of the layer, with
values of FWHM of the AlN­(0002) related rocking curve of 3.80° and
RMS roughness of 0.6 nm. This degradation of the structural properties
can be explained in terms of the growing­layer re­sputtering by the
highly energetic impinging species.
Following the obtained results on the effect of PRF, a set of AlN sam-
ples were deposited at substrate temperatures ranging from 350 °C to
500 °C, keeping PRF = 150 W. For all the samples of this set, only the
peak related to the (0002) reflection from AlN was observed in 2θ/ω
HRXRD measurements, and the RMS surface roughness measured by
AFM on 1 × 1 μm2 surface remains in the range of 0.3–0.6 nm. As it is


































































Fig. 1. (a) FWHM of the rocking curve of the AlN­(0002) x­ray reflection and RMS surface
roughness of a 1 × 1 μm2 scanned area as a function of the RF power for AlN layers depos-
ited on c-sapphire at a sputtering pressure of 0.47 Pa and Tsubs = 400 °C. The RMS rough-
ness of the sapphire substrate is 0.2 nm. (b) FWHMof the rocking curve of the AlN­(0002)
x­ray reflection as a function of substrate temperature for AlN layers deposited on
c-sapphire at a sputtering pressure of 0.47 Pa and PRF = 150 °C.obtained for Tsubs = 450 °C, whereas layers deposited at 350 °C and
500 °C show a FWHM of the (0002) rocking curve as high as 8.77° and
5.78°, respectively. This degradation of the structural quality of the
films is attributed to the reduction of themobility of the impinging spe-
cies at low substrate temperature and to the increase of the desorption
rate of physi­adsorbed atoms at high substrate temperature [20].
The layer deposited at PRF = 150 W and Tsubs = 450 °C shows a
c-lattice parameter of 4.970 Å, which corresponds to a tensile strain of
εzz = 0.24%, assuming a relaxed AlN lattice parameter c0 = 4.982 Å
[22]. The sample presents a layer thickness of ~115 nm and a grain size
of ~40 nm.
3.2. Effect of the substrate bias
The adequate tuning of the substrate bias during deposition can
be a critical parameter to improve the crystalline quality of the AlN
layers [23]. In this section, we describe the effect of substrate bias
on the structural quality and surface morphology of AlN layers,
using the above­determined deposition conditions (sputtering pres-
sure = 0.47 Pa in pure nitrogen atmosphere, PRF = 150 W and
Tsubs = 450 °C). Considering a substrate floating potential of ­3.8 V
measured during deposition at FS conditions, the substrate bias
was varied from +5 V to −35 V using a DC voltage source
connected to the substrate holder through a resistor (56.2 Ω). The
current Ic flowing in the circuit formed by the polarized substrate,
the plasma environment and the sputtering chamber (ground) was
monitored during the AlN deposition. The scheme of the experimen-
tal system with the electrical connections is shown in Fig. 2 (up). As
presented in Fig. 2 (down), the time­dependent evolution of Ic fol-
lows the behavior characteristic of a capacitor charging process,
with a transient time during which the arrival of positively charged
ions partially compensates the externally applied negative bias at
the substrate. After this transient time, Ic saturates to a value Is
which increases with negative bias.
The variation of substrate bias in the range under study does not
have any effect on the growth rate, 60 ± 5 nm/h for all the samples





































Fig. 2. (Up) Experimental setup used for the process of biasing the substrate during depo-
sitions. (Down) Real­time evolution of the current Ic during deposition for different values
of substrate bias. Inset: Saturation intensity, Is, as a function of the substrate bias.
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structural quality are observed byHRXRDmeasurements. Fig. 3 displays
the 2θ/ω x­ray scans for the set of samples deposited under various
substrate bias. The diffractograms show the (0002) AlN peak together
with a broad reflection at 2θ ~35° for negative bias between −5 V
and −25 V. This latter reflection is attributed to lattice disorder at the
AlN/sapphire interface originated by the highly accelerated positive
ions (Al+, N+, N2+), impinging the substrate at the initial stages of the
deposition process, during the charging transient observed in Fig. 2. In
order to verify that the reflection at 2θ ~ 35° is originated by interface
damage, we synthesized a sample consisting of a thin (~30­nm­thick)
AlN layer deposited at −15 V bias followed by unbiased AlN with a
nominal thickness of 240 nm. Indeed, HRXRD measurements from
this sample (not shown) presents the AlN­(0002) diffraction peak to-
gether with the reflection at 2θ ~35°, not observed in any unbiased
layer, confirming the presence of lattice disorder at the AlN/substrate
interface.
Despite the interface damage, the obtained FWHM of the ω­scan of
the (0002) AlN diffraction peak decreases monotonously when increas-
ing negative bias up to−25 V (see inset of Fig. 3), reaching a best value
of 1.25°. The improvement of the structural quality with negative bias
can be attributed to an increase of the kinetic energy of the impinging
ions, hence increasing the mobility of the adatoms at the growing
surface [24]. This is consistent with the observed increase of the grain
size, as it is shown in the inset of Fig. 3. A maximum grain size
of ~55 nm is achieved for the AlN sample deposited with a substrate
bias of −15 V.
The AlN film deposited at a substrate bias of −35 V shows the
highest value of FWHM of the (0002) reflection peak rocking curve
in the studied range, namely, 2.23°. The worsening of the structural
quality of this sample is attributed to a re-sputtering of the growing
surface by the highly accelerated ions [23]. This explanation is sup-
ported by the low value of grain size, ~35 nm in this sample (see
inset of Fig. 3). At the same time, the film density estimated by
x­ray reflectivity measurements increases from 2.81 g/cm3 to
3.24 g/cm3 with the negative substrate bias from +5 V to −15 V.
For the sample deposited under −15 V bias, the film density is
close to the bulk AlN density (3.27 g/cm3 [25]). The improved com-
pactness of the layers is attributed to the enhancement of the adatom














































Fig. 3. HRXRD 2θ/ω­scans of AlN films deposited at Tsubs = 450 °C and PRF = 150 W as a
function of the substrate bias. The diffractograms are vertically shifted for clarity. Inset:
FWHMof the rocking curve of the (0002) reflection and grain size as a function of the sub-
strate bias. Best results obtained for AlN deposited under unbiased conditions (floating
substrate, FS) are included as horizontal dashed lines for comparison.substrate bias above this value, the estimated film density decreases
to ~2.73 g/cm3 probably due to a change in layer stoichiometry.
The observed trendwith negative bias is somehow similar to the one
described as a function of the RF power (see Section 3.1), i.e., increasing
PRF results in a mobility enhancement and thus an improvement of the
layer, until a certain threshold (PRF = 175 W) where degradation is
associated to the onset of the re­sputtering process.
In summary, within the range of analyzed parameters, the opti-
mized conditions in terms of the FWHM of the (0002) x­ray reflection
for AlN growth are PRF = 150 W, Tsubs = 450 °C, and a substrate bias
of −15 V. For this substrate bias, the AlN layers show the largest grain
size (~55 nm) while keeping low values of FWHM of the x-ray rocking
curve (1.35°) and RMS surface roughness (0.6 ± 0.1 nm for a
1 × 1 μm2 scan). However, negative bias is associated to a degradation
of the substrate/AlN interface. In the next section, we describe an ap-
proach to suppress this damage.
3.3. Two-step deposition method
A two-step deposition method was studied in biased samples to
prevent the lattice disorder observed by HRXRD measurements. This
two­step method consists first of the nucleation of an AlN thin layer
(buffer layer) under unbiased substrate conditions, followed by the de-
position of negatively biased AlN at−15 V.
The buffer thickness is one of the most important parameters of this
two­step growth process. It must be optimized to prevent the interface
degradation while keeping it as thin as possible, to profit from the
structural improvement under negative bias. Fig. 4 shows the HRXRD
2θ/ω­scan of two-step samples with unbiased buffer layer thickness
of ~15 nm and ~30 nm, compared to an unbiased layer and a layer
grown at −15 V bias. The use of an unbiased 15­nm­thick buffer layer
does not fully avoid the formation of lattice disorder, noticeable through
a weak and broad peak at 2θ ~ 35°. This can be understood by the fact
that the grain size obtained in thick AlN layers deposited using the
same conditions as the buffer layer is ~40 nm, significantly larger than
the buffer layer thickness. Thus a non-homogeneous surface coverage
can be expected in a three dimensional growth model [26]. The increase
of the buffer layer thickness to 30 nm enables the total suppression of
the interface damage (no diffraction peak at 2θ ~ 35°) and leads to a re-
duction of the FWHM of the AlN­(0002) reflection peak to 1.63°, to be
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Fig. 4.HRXRD 2θ/ω­scans for AlN films deposited under various substrate bias conditions:
120­nm­thick AlN at−15 V, two­step AlN with 15­nm and 30­nm­thick unbiased buffer
layer followed by 120­nm­thick AlN at −15 V, and 120­nm­thick unbiased AlN. The





Fig. 5. AFM images of 120­nm­thick AlN deposited on sapphire (a) at floating substrate conditions; (b) at −15 V of reverse bias; and (c) at −15 V biased substrate conditions on
30­nm­thick unbiased AlN buffer layer. The RMS surface roughness of the layers is 0.6, 0.7 nm and 0.4 nm, respectively.
152 L. Monteagudo-Lerma et al. / Thin Solid Films 545 (2013) 149–153inset of Fig. 4). The grain size of the 30-nm/120-nm two-step AlN layer
is ~40 nm and the RMS surface roughness is 0.4 nm, measured in a
1 × 1 μm2 area. This RMS surface roughness value is lower than the
values obtained for both the optimized unbiased and biased AlN layers
(see AFM images in Fig. 5).
4. Conclusions
The influence of deposition conditions such as RF power, substrate
temperature and substrate bias on the morphological and structural
properties of c­AlN films deposited on c-sapphire in pure nitrogen at-
mosphere by RF reactive sputtering was analyzed. The kinetic energy
of impinging ions and thus their mobility at the growing surface is con-
trolled through both theRF power and the substrate bias. The crystalline
quality of the layers in terms of grain size and FWHM of the rocking
curve is improved when increasing the RF power to an optimal value,
established in 150 W for the employed deposition system. Beyond this
threshold, further increase of the RF power becomes deleterious for
the layer structural properties due to the onset of the re­sputtering pro-
cess. The increase of the RF power is accompanied by an enhancement
of the growth rate linked to the higher Al sputtering rate. The use of neg-
ative bias to increase the kinetic energy of the plasma species during the
deposition allows further improvement of the structural quality. Best
results are obtained with bias values between −15 V and −25 V,
being this range valid for our system configuration and the substrate-
holder geometry used in this work. The growth rate does not change
with the substrate bias since it increases the kinetic energy of the im-
pinging ions but does not affect to the plasma density, so that the
amount of available ions for the deposition remains constant. Theimprovement of the crystalline quality of the layers under negative sub-
strate bias is accompanied by a degradation of the interface between the
AlN layer and the sapphire substrate. This degradation can be avoided
by the use of a two­step depositionmethod consisting of the deposition
of an unbiased AlN buffer layer (at least 30 nm thick) prior to the nega-
tively biased (−15 V)AlN layer. The optimizedAlNfilm shows a FWHM
of the (0002) reflection peak of 1.63°, grain size ~40 nm and smooth
surface morphology with an RMS surface roughness of 0.4 nm.Acknowledgements
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